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SEMICONDUCTOR LASER DEVICE WITH SPOT-SIZE CONVERTER AND 
METHOD FOR FABRICATING THE SAME 
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BACKGROUND OF THE INVENTION 



1. FIELD OF THE INVENTION: 

The present invention relates to a semiconductor 
laser device with a spot -size converter which can couple 
light to an optical fiber or light waveguide with a high 
level of efficiency, and to a method of fabricating the 
semiconductor laser device. 



10 2. DESCRIPTION OF THE RELATED ART: 
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optical 



Multimedia technologies which have been rapidly 
developing are likely to enable high-speed, high-capacity 



communications (the data transfer rate of which 
may be 1.00 Mbps or more) at home as well as at the office 
15 in thd near future. Among the technologies, the 
FlberyTo-The-Home (FTTH) is a promising technology which 
extends an optical fiber from the trunk line to home. In 
thiffl technology, the output light of a semiconductor laser 
is /required to be Introduced Into an optical fiber, 
20 However, /tA^lcal semiconductor laser has its output 
lihht /if tr^e spot size (about 1 urn) that is largely 
di'f f erlent firtm the spot size of a single-mode optical fiber 
(iibout 10 nm)>v_E<^r this reason, when the semiconductor 
laser is directly connected with the optical fiber, a great 
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d^yj I ) ir;l^^^ion lose is generated due to mode mismatch. 

The small spot-fllze of the semiconductor laser 
gives rise to such a problem that a very small displacement 
spot leads to a great increase in the insertion 
example, an about 1 jxra displacement between the 
aemicj£)nductor laser and the optical fiber may generate 
1 a 10 dB excess loss. To solve this problem, 
imiconductor laser with a spot-size converter is 
10 coi/s4/de9^d in which a light waveguide having a larger 
than that of a semiconductor laser is integrated 
fithe semiconductor onto the same substrate. 

One method for achieving such a device is a butt 
15 junction as shown in Figure 7A. Flg\are 7A shows a 
semiconductor laser device with a spot-size converter 
having an ideal structure thereof. In Figure 7A. a 
refractive index coupling- type distributed-f eedback 
semiconductor laser (DFB laser) 200 formed on a 
20 semiconductor substrate 100 has a portion thereof removed 
vertically by etching. In the removed portion, a light 
waveguide 300 is formed in which a light waveguide 
layer 301 is sandwiched between light confinement 
layers 302 and 303. Light output from the semiconductor 
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laser 200 Is directly coupled with the light waveguide 300 
and the light is then guided in the light waveguide 
layer 301. 

The semiconductor laser device with a spot-size 
converter thus constructed has a larger spot-size of 
output light than that of a semicondugtor laser, thereby 
relieving the effect of a very small displacement which 
occurs when coupling the light with an optical fiber. 

However, the above-described conventional 
example has the following drawbacks . 

(1) The ideal shape as shown in Figure 7A is not 
15 actually obtained when the light waveguide is formed in 
the vertically etched region. The actual shape is, for 
:Q example, as shown in Figure 7B, In Figure 7B, the light 

waveguide layer 301 is sloped in the vicinity of the place 
where the semiconductor laser 200 is coupled with the 
20 light waveguide 300. In this region^ light is affected 
by the refractive index distribution of this structure, 
so that the proportion of light which is not coupled with 
the light waveguide layer increases and the coupling rate 
is therefore greatly reduced from what is expected 
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aooordlng to the ideal shape. 
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(2) When the beam diameter in the vertical 
direction of the semiconductor laser 200 is not equal to 
5 the beam diameter of the inherent mode in the vertical 
direction of the light waveguide 300, the proportion of 
light output from the semiconductor laser which is coupled 
with the light waveguide decreases. The greater the 
difference between the beam diameters, the more the 
10 decrease in the proportion of coupled light. 

The above problems (1) and (2) will be described 
in greater detail below. 

15 Figure 7D illustrates a concrete Example where an 

InGaAsP-based 1.3 jim-band distributed-f eedback (DFB) 
semiconductor laser is vertically etched and then InGaAsP 
materials are grown by Metal Organic Chemical Vapor 
Deposition (MOCVD) , The growth rate largely depends on 

20 the orientation of the growing plane. A plane having a 
low growth rate is exposed during the growth, resulting 
in a shape as shown in Figure 7B. In this case, a layer 
structure tilted from a horizontal direction emerges. 
Therefore, part of the light is affected by the shape and 
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thus reflected or refracted on the Interface. The 
affected part of the light ie not coupled with the light 
waveguide layer 301 and radiated outside the waveguide. 
In other words, a radiation loss is generated. According 
5 to results of experiments conducted by the inventors and 
the like, it was confirmed that about 1 dB light is radiated 
by this effect , When the growth was conducted under other 
conditions different from the above-described conditions, 
the shape was varied in various ways. Nevertheless, it 
10 was impossible to achieve the ideal ^hape as shown in 
Figure 7A and radiation losses in the range of about 0.5 
to 1 dB were observed. 

Moreover, in this example, the beam diameter in 
15 the vertical direction of the semiconductbr laser 200 was 
about 1 \im while the light waveguide layer 301 of the light 
waveguide 300 was fabricated in such a way as to have a 
thickness of about 2 [im. This difference resulted in 
great mode mismatch in coupling light , causing a radiation 
20 loss of 1.7 dB to be observed. The sum of both the losses 
was about 2.7 dB, which requires the semiconductor 
laser 200 to output light greater than what is actually 
needed. This increases power consumption by the 
semiconductor laser 200. In addition, the reliability is 
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reduced. These are big problems, Coneidering the case 
where the aemiconductor laser is coupled with an optical 
fiber having a typical mode diameter of about 10 \im, the 
thickness of the light waveguide layer is preferably 
greater. In this case, the above-described radiation 
loss is further increased. 

SUMMARY OF THE INVENTION 

A semiconductor laser device with a spot -size 
converter according to the present invention includes at 
least a semiconductor laser region emitting light from 
an end facet thereof and a light waveguide region. The 
semiconductor laser region and the light waveguide region 
are integrated on a semiconductor tfubstrate in a 
horizontal direction. A semiconductor layer is buried in 
a junction region between the semiconductor laser region 
and the light waveguide region. 

In one enbodiment of the invention , the refractive . 
index of the semiconductor layer is substantially uniform. 

In one enbodiment of the invention, the refractive 
Index of the semiconductor layer varies in a layer 
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direction continuously or in a stepwise manner. 

In one enbodiment of the invention , a region having 
the highest refractive index of the semiconductor layer 
5 is registered with a substantially central portion of a 
profile of light emitted from the semiconductor laser 
region as well as a substantially central portion of the 
inherent mode of the light waveguide region. 

In one enbodiment of the invention, a second 
semiconductor layer is provided between the semiconductor 
layer and at least one of the semiconductor laser region 
and the light waveguide region, the refractive index of 
the second semiconductor layer being substantially 
uniform. ^ 

In one enbodiment of the invention, a dielectric 
layer is provided between the semiconductor layer and at 
least one of the semiconductor laser region and the light 
20 waveguide region. 

According to another aspect of the invention, a 
semiconductor laser device with a spot-size converter 
includes at least a semiconductor laser region emitting 
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light from an end facet thereof and a light waveguide 
region. The semiconductor laser region and the light 
waveguide region are integrated on a semiconductor 
substrate in a horizontal direction. A dielectric layer 
5 is buried in a Junction region between the semiconductor 
laser region and the light waveguide region. 

According to still another aspect of the invention . 
a semiconductor laser device with a spot-size converter 
includes at least a semiconductor laser region emitting 
light from an end facet thereof and a semiconductor layer. 
The semiconductor laser region and the semiconductor layer 
are integrated on a semiconductor substrate in a 
horizontal direction. The refractive index of the 
semiconductor layer varies in a layer direction 
continuously or in a stepwise manner. 

In one embodiment of the invention, a region having 
the highest refractive index of the semiconductor layer 
20 is registered with a substantially central portion of a 
profile of light emitted from the semioonduotor laser 
region. 

In one embodiment of the invention, a second 
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semiconductor layer is provided between the semiconductor 
layer and the semiconductor laser region, the refractive 
index of the second semiconductor layer being 
substantially uniform. 

In one embodiment of the invention, a dielectric 
layer is provided between the semiconductor layer and the 
semiconductor laser region. 

According to still another aspect of the invention , 
a method for fabricating the semiconductor laser device 
with a spot-size converter including at least a 
semiconductor laser region emitting light from an end 
facet thereof and a light waveguide region wherein the 
semiconductor laser region and the light waveguide region 
are Integrated on a semiconductor substrate in a 
horizontal direction. The method includes the steps of 
forming a first semiconductor multilayer functioning as 
the semiconductor laser region on the substrate; removing 
part of the first semiconductor multilayer by etching to 
have a substantially vertical cross-section thereof; 
forming a second semiconductor multilayer functioning as 
the light waveguide region in the etched region; removing 
a region including an interface between a light emitting 
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end facet of the semiconductor laser region and a light 
incident surface of the light waveguide region by etching 
to have a substantially vertical cross-section thereof; 
and forming a semiconductor layer in the etched region 
5 between the eemiconduotor laser region and the light 
waveguide region. 

According to still another aspect of the invention, 
a method for fabricating the semiconductor laser device 
with a spot-size converter including at least a. 
semiconductor laser region emitting light from an end 
facet thereof and a semiconductor layer wherein the 
semiconductor laser region and the semiconductor layer 
are integrated on a semiconductor substrate in a 
horizontal direction • The method includes the steps of 
forming a semiconductor multilayer functioning as the 
semiconductor laser region on the aemioonductor 
substrate; removing part of the semiconductor multilayer 
by etching to have a substantially vertical cross -section 
thereof; and forming the semiconductor layer in the etched 
region. 

In one embodiment of the invention, a dielectric 
layer is formed on a side of the etched region before 
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formation of the semiconductor layer. 

Acoording to still another aspect of the invention , 
a method for fabricating the semiconduator laser device 
with a spot-size converter including at least a 
semiconductor laser region emitting light from an end 
facet thereof and a light waveguide region wherein the 
semiconductor laser region and the light waveguide region 
are Integrated on a semiconductor substrate in a 
horizontal direction. The method Includes the steps of 
forming a first semiconductor multilayer functioning as 
the semiconductor laser region on the substrate; removing 
part of the first semiconductor multilayer by etching to 
have a substantially vertical cross-section thereof; 
forming a dielectric layer on a side of thb etched region; 
and forming a second semiconductor multilayer functioning 
as the light waveguide region in the etched region. 

Thus, the Invention described herein makes 
20 possible the advantages of (1) providing a semiconductor 
laser device with a spot-size converter having a low lose 
and high reliability by minimizing the above-described 
loss of light at the junction portion between a 
semiconductor laser and a light wave guide , and (2) 
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providing a fabrication method thereof. 

Hereinafter, functions of the present invention 
will be described. 

By providing the structure in which the 
semiconductor layer having a substantially uniform 
refractive index is buried in the Junction region between 
the semiconductor laser and the light waveguide, the 
semiconductor laser device with a spot- size converter can 
be obtained that does not have any layer structure tilted 
from a horizontal direction in the junction portion 
between the semiconductor laser and the light waveguide. 
This results in a reduction in the difference in an 
equivalent refractive index at the interface between the 
semiconductor laser portion and the buried region as well 
as at the interface between the burled region and the light 
waveguide portion. Therefore, waveguided light 
substantially is not reflected or refracted at these 
interfaces, thereby reducing the radiation loss. 

By providing the structure in which the 
semiconduotor layer having a refractive index varying 
substantially continuously or in a stepwise manner in the 
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direction of the layer is buried in the :Junction region 
between the semiconductor laser and the light waveguide, 
the mode profile of light transmitted in the waveguide 
is continuously varied due to the lens effect of the 
semiconductor layer in such a way that the light is coupled 
with the waveguide when the beam diameter of the light 
becomes equal to the beam diameter of the inherent mode 
of the light waveguide. Therefore, the coupling lose 
caused by mode mismatch can be more effectively reduced. 

By providing the structure in which the 
semiconductor laser and the semiconductor layer of which 
the refractive index varies substantially continuously 
or in a stepwise manner in the direction of the layer are 
Integrated on the semiconductor substrata in a horizontal 
direction, the mode profile of light transmitted in the 
semiconductor layer is continuously varied due to the lens 
effect of the semiconductor layer. Therefore, the 
coupling loss caused by mode mismatch can be more 
effectively reduced while the number of growth processes 
is small. 

By providing the structure in which the dielectric 
layer is disposed in the Junction region between the 



- 14 - 



99R00237 



semiconductor laser and the light waveguide, the 
semiconductor laser device with a spot -size converter can 
be obtained which does not have any layer structure tilted 
from the horizontal direction in the junction region 
between the semiconductor laser and the light waveguide. 
Therefore, the coupling loss can be reduced as in the 
above-described cases. 

By providing the structure In which the dielectric 
layer is disposed in the junction region between the 
semiconductor laser and the semiconductor layer and in 
which the semiconductor layer having a refractive index 
varying substantially continuously or stepwisely in a 
direction of the layer is formed in the junction region 
the semiconductor laser and the light * waveguide, the 
semiconductor laser device with a spot-size converter can 
be obtained that does not have any layer structure tilted 
from a horizontal direction in the junction region between 
the semiconductor laser and the light waveguide and 
therefore does not have mode mismatch ♦ Therefore, the 
coupling loss can be largely reduced. 

These and other advantages of the present 
invention will become apparent to those skilled in the 
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art upon reading and understanding the following detailed 
description with reference to the accompanying figures, 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure lA is a cross -sectional view illustrating 
a semiconductor laser device with a spot-size converter 
according to Example 1 of the present invention. 

Figure IB is a flowchart of a method for 
fabricating the semiconductor laser device with a 
spot-size converter of Example 1. 

Figure 2A Is a croes-sectional view illustrating 
a semiconductor laser device with a spot*- size converter 
according to Example 2 of the present invention. 

Figure 2B la a conceptual diagram illustrating a 
refractive index profile of a GRIN region. 

Figure 3 is a cross-sectional view Illustrating 
a semiconductor laser device with a spot-size converter 
according to Example 3 of the present invention. 
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Figures 4A and 4B are cross- sectional views 
Illustrating a semiconductor laser device with a spot-size 
converter according to Example 4 of the present invention. 

5 Figure 4C is a flowchart of a method for 

fabricating the semiconductor laser device with a 
spot-size converter of Example 4. 

Figures 5A and 5B are cross-sectional views 
10 illustrating a semiconductor laser device with a spot-size 
converter according to Example 5 of the present invention. 

Figures 6A and 6B are cross-sectional views 
illustrating a semiconductor laser device with a spot- size 
converter according to Example 6 of the present invention. 

Figure 6C is a flowchart of a method for 
fabricating the semiconductor laser device with a 
spot-size converter of Example 6. 

Figures 7A and 73 are cross-sectional views 
illustrating conventional optical integrated circuit 
devices. 



15 



20 



- 17 • 



99R00237 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Examples of the present invention will bo 
described with reference to the accompanying drawings in 
great detail. 

(Example 1) 

Figure lA shows a semiconductor laser device with 
a epot-size converter 10 according to Example 1 of the 
present invention- Figure IB shows a flowchart of a 
method for fabricating the semiconductor laser device 10 
of Example 1, In Example 1. the semiconductor laser 
device 10 includes a semiconductor laser with a quantum 
well structure. The structure of the semiconductor laser 
device 10 will be described along with a fabrication 
process thereof below. Firstly, a GaAs substrate 
(wafer) 100 was placed in a Molecular Beam Epitaxy (MBE) 
apparatus . Semiconductor layers were grown on the GaAs 
substrate 100 by MBE to produce a semiconductor laser 200 
(SlOl). Specifically, the semiconductor laser 200 
included an active layer composed of a GalnNAs quantum 
well layer and a GaAs guide layer, and a cladding layer 
of AlGaAs material. The beam diameter in the vertical 
direction of the semiconductor laser 200 was about 1 ^.m. 
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GalnNAs alloy semiconduotor Is a material which can 
achieve light emission having a wavelength of 1,3 [Am on 
a GaAs substrate, and Is therefore a promising candidate 
for a light source for the FTTH. 

The wafer on which the semiconductor layers had 
been formed was removed from the MBE apparatus . The wafer 
was then subjected to Reactive Ion Beam Etching (RISE) 
using chloride gas so that the semiconductor layer was 
etched as deep as the etching reached the GaAs 
substrate loo (S102). Thereafter, the wafer was placed 
in an MOCVD apparatus, A light waveguide 300 was grown 
on the wafer by MOCVD ( S103 ) . The light waveguide 300 had 
a structure in which a light waveguide layer 301 was 
sandwiched between upper and lower ll^ht confinement 
layers 303 and 302 where the light waveguide layer 301 had 
an Al molar fraction of 0,2 and a thickness of 2 jim. 

The upper and lower light confinement layers 303 
20 and 302 had the same Al molar fraction and thickness that 
are 0.22 and 1 \im, respectively. In this case., the 
cross- sectional shape of the semiconductor laser 
device 10 had a structure tilted from a horizontal 
direction as does the conventional semiconductor laser 



iJi 



10 



15 



- 19 - 



99R00237 



device. As Is far away from the junction portion between 
the semiconductor laser 200 and the light waveguide 300, 
the angle of the tilt decreases. The light waveguide 300 
was substantially horizontal at a distance of 3 nm or more 
5 from the junction portion. The light waveguide 300 was 
transparent for the output light (1.3 ^m) of the 
semiconductor laser 200, functioning as a low- loss 
waveguide. The depth controllability of the etching was 
about 2%. The subsequent MOCVD growth had the 1% 

10 controllability of the thickness of the grown layer.. Even 
when both the controllabilities were taken into account, 
the center of the output light distribution of the 
semiconductor laser 200 could be registered with the 
center of the inherent mode of the horizontal portion of 

15 the light waveguide 300 with 0.1 |uim accuracy. 

The junction region between the semiconductor 
laser 200 and the light waveguide 300 was vertically 
etched over a width of 2 ^xm ( S104 ) . In this case , accurate 
20 control was not required for the depth of the etching since 
the etching only needed to penetrate through the light 
waveguide 300. The above -described RIBE was applied to 
this etching. 
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Subsequently, an AlGaAe layer 400 having an Al 
molar fraction of 0,2 was grown and buried in the etched 
region using the above-described MOCVD (S105). The 
semiconduotor layers which had been grown to be formed 
on the semiconductor laser 200 (i.e., above a thick line 
in Figure lA showing the state before removal) was removed. 
The laser device 10 was processed into a ridge shape, and 
provided with a structure for confining light in a 
transverse direction. An electrode was formed on the 
semiconductor laser 200. Finally, the wafer was 
subjected to cleavage and the like. Thus, the 
semiconductor laser device with a spot-size converter 10 
of Example 1 was obtained. 

In the semiconductor laser devifce with a spot- 
size converter 10 of Example 1, laser light generated in 
the semiconduotor laser 200 penetrates throughout the 
AlGaAs layer 400, reaches the light waveguide 300, 
transmits through the light waveguide 300 and is finally 
emitted from an end facet portion thereof as emitted 
light 304. The. laser device 10 substantially does not 
have any layer structure tilted from a horizontal 
direction, whereby the great loss caused by the radiation 
loss as seen in the conventional example was not observed. 
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In the laser device 10, light generated in the 
semiconductor laser 200 substantially is not reflected 
at the Interface between the semiconductor laser 200 and 
5 the AlGaAs layer 400 as well as at the interface between 
the AlGaAs layer 400 and the light waveguide 300. This 
is due to the small difference in the equivalent refractive 
index at the interfaces. Therefore, the laser device 10 
operated satisfactorily in an external cavity mode in 
10 which the semiconductor laser 200, the AlGaAs layer 400 
and the light waveguide 300 as a whole work as an optical 
cavity. 

The laser device 10 does not have a structure for 
15 confining light in the vertical directidn in the AlGaAs 
layer 400 which was finally buried. Nevertheless, the 
2 fim width of the Junction region of Example 1 is so small 
that the amount of radiated light is negligible. The 
coupling loss in the laser device 10 was caused by mode 
20 mismatch alone^ the value of which was 1.7 dB according 
to actual evaluation of the optical characteristics of 
the laser device 10. Thus, the coupling loss could be 
largely reduced as compared with the conventional laser 
device . 
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The radiation loss was investigated by varying the 
length of the buried region, i.e., the AlGaAs layer 400. 
As a result, no elgnifiaant loss was observed up to about 
15 \m, whereas the loss was gradually increased with the 
length beyond about 15 [xm. When the length of the buried 
region was set to 20 |xm, the radiation loss is about 1 dB. 
Thus, the length of about 20 or less oould reduce the 
loss to about 1 dB or less and desired characteristics 
were obtained, although the tolerant range of the length 
was dependent on the required amount of the loss. 

(Example 2) 

Figures 2A and 2B show a semiconductor laser 
device with a spot-size converter 20 according to 
Example 2 of the present invention. In Example 2, the 
present invention is applied to an integrated 
semiconductor laser device including a gain coupling- 
type distributed-f eedback semiconductor laser having an 
absorptive diffraction grating. Hereinafter, the 
structure of the laser device 20 will be described along 
with a fabrication process thereof. 

Firstly, semiconductor layers were grown on a GaAs 
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substrate 100 by MOCVD to produce a DFB laser 201. 
Specifically ,the DFB laser 201 included an active layer 
composed of a GalnNAs quantum well layer and a GaAs guide 
layer, and layers made of AlGaAs materials other than the 
5 GalnNAs quantum well layer. 

This laser is described in detail in, e.g., Y. 
Nakano, et al., Japanese Journal of Applied Physics, 
Vol, 32, No. 2, pp. 825-829 (1993). The beam diameter in 
the vertical direction of the DFB laser 201 was about 1 ^m. 
A three-layer quantum well structure was adopted for the 
active layer, and the oscillation wavelength was set to 
1 , 3 Jim * 

iU 15 The semiconductor layers were veJrtically etched 

--J by Chemically Assisted Ion Beam Etching (CAIBE) in which 

the wafer was irradiated by chloride ions or argon lone 
as well as chloride gas itself. The depth of the etching 
was sufficiently deep that the etching reached the 
20 substrate 100, This etching is described in detail in H- 
Kawanishi, et al. , Japanese Journal of Applied Physics, 
Vol, 35, No, 7B, pp. 880-882 (1996). 

Subsequently, a light waveguide 300 composed of 
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a plurality of semiconductor layers was grown by the 
above-described MOCVD, The light waveguide 300 was the 
same as that of Example 1. However, in this caoe, the 
plurality of semiconductor layers were prevented from 
growing on the semiconductor laser 201 by selective growth 
using a silicon oxide film as a mask. 

In Figure 2A, reference numerals 303 and 302 
designate upper and lower light confinement layers, 
respectively, as in Ex€imple 1, 

After the growth, the plurality of semiconductor 
layers were buried in the wafer so that the top surface 
of the wafer becomes flat. However, observation of the 
cross-sectional shape revealed a layer sH:ruoture tilted 
from a horizontal direction as in the conventional device. 
The thickness of the light waveguide layer 301 was 2 ^m. 
In Example 2 as well as Example 1, the center of the output 
light distribution of the DFB laser 201 could be 
registered with the center of the inherent mode of the 
horizontal portion of the light waveguide 300 with 0.1 jiin 
accuracy. The wafer was vertically etched over the range 
of 7,6 Jim width including the junction region between the 
DFB laser 201 and the light waveguide 300. The etching 
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penetrated throughout the light waveguide 300, the depth 
of which was 7.0 fxtn. 

Subsequently, a semiconductor layer 500 having a 
5 structure in which a refractive index n which varies 
continuously was grown in the etched region. Figure 2B 
shows a profile of the refractive index n of the 
semiconductor layer 500 with respect to a layer direction 
(thickness direction) Y thereof. As shown in Figure 2B, 
10 the distribution of the refractive index n in the layer 
direction Y increases from the peripheral portion to the 
central portion like a second-order function. This 
variation in the distribution of the refractive index n 
is controlled by the Al molar fraction. 

15 

Here, the semiconductor layer 500 {hereinafter 
referred to as a GRaded INdex (GRIN) region) had a 
thickness of 2-894 \im for a half portion thereof (the 
central portion to the peripheral portion), a refractive 
20 index of 3.4 (the maximum of the refractive index) for 
the central portion thereof, and a refractive index of 
3.2 (the minimum of the refractive index) for the 
peripheral portion thereof. The position of the central 
portion which had the maximum refractive index was 
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registered with the center of the output light 
distribution of the DFB laser 201 and the center of the 
inherent mode of the light waveguide 300. This 
registration control was easily realized by computer- 
5 controlling the flow rate of the mass flow controller of 
the MOCVD apparatus. 

Subsequently, the DFB laser 201, the GRIN 
region 500 and the light waveguide 300 were etched to form 

10 a groove having a width of 2 urn which defines a waveguide 
region. This groove was sufficiently deep to penetrate 
through all the layers. Finally, a semiconductor layer 
(not shown) was buried in the etched region to form a buried 
transverse mode confinement structure. The 

15 semiconductor laser device with a spot-size converter 20 
of Example 2 was completed. 

The laser device 20 could perform laaer- 
osolllation without reflection at the interface between 
20 the DFB laser 201 and the GRIN region 500. The DFB 
laser 201 oscillated independently and satisfactorily. 
Light output from the DFB laser 201 transmits through the 
GRIN layer 500 and the light waveguide 300, and is output 
from an end facet as emitted light 304. 
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The coupling loss from the DFB laser 201 to the 
light waveguide 300 was evaluated for the laser device 20, 
As a result , the coupling lose was found to be about 0.4 dB , 
5 Of the 0 . 4 dB coupling loss , an estimated 0 . 2 dB was caused 
by non-horizontal growth during the growth of the GRIN 
region 500. Thus, it was confirmed that a loss caused by 
mode mismatch could be greatly reduced by use of the GRIN 
region 500. This is because the mode profile of light 

10 transmitting in the GRIN region 500 was continuously 
varied due to the lens effect of the GRIN region 500 in 
such a way that the light was coupled with the waveguide 
when the beam diameter of the light becomes equal to the 
beam diameter of the inherent mode of the light 

15 waveguide 300. The actual measurement • bf the coupling 
loss by varying the length of the GRIN region 500 confirmed 
that the coupling loss was periodically varied. 

Therefore, the length of the GRIN region 500 is 
20 preferably optimized in accordance with the beam diameter 
of the inherent mode of the light waveguide 300. In 
Example 2, the refractive index of the GRIN region 500 was 
continuously varied like a second-order function. The 
second-order function may be approximated by stepwise line 
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segments or the like. Other distributions of the 
refractive index may be also used as far ae the 
distributions have substantially the same lens effect as 
that of the second-order function. 

5 

(Example 3) 

Figure 3 shows a semiconductor laser device with 
a spot-size converter 30 according to Example 3 of the 
Q present invention. The laser device 30 was fabricated by 

"% 10 combination of techniques used in Examples 1 and 2. 

•?* 

To reduce the coupling loss caused by the 
unhorizontal growth during the growth of the GRIN 
region 500, a region including the Junction region between 
the DFB laser 201 and the GRIN region 500 or a region 
including the Junction region between the GRIN region 500 
and the light waveguide 300, or both the regions, was 
etched/ and a semiconductor layer 400 was grown in the 
etched region. Thus, Example 3 obtains the effect of 
Example 1 in addition to the effect of Example 2. 

The above-described etching only needs to proceed 
substantially vertically. Common etching methods can be 
used, such as Reactive Ion Etching (RIE) and wet etching. 
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A method for the crystal growth is not limited to 
the above-described MOCVD and MBE. In some cases, vapor 
phase epitaxy, chloride VPE or the like can be used. The 
5 same components as those in Examples 1 and 2 are indicated 
by the same identical reference numerals as those used 
therein, 

(Example 4) 

10 Figures 4A and 4B show a semiconductor laser 

device with a spot-size converter 40 according to 
Example 4 of the present invention. Figure 4C is a 
flowchart of a fabrication method of the laser device 40. 
The laser device 40 is characterized by a fabrication 

15 process thereof. Hereinafter, a structure of the laser 
device 40 will be described along with a fabrication 
process thereof. In Example 4, the present invention is 
applied to a aemioonduotor laser device with a spot-size 
converter including a gain coupling-type distributed- 

20 feedback semiconductor laser having an absorptive 
diffraction grating. 

Firstly, semiconductor layers were grown on a GaAs 
substrate 100 by MOCVD to produce a DFB laser 201 (S401) . 
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Specif ioally, the DFB laser 201 included an active layer 
composed of a GalnNAa quantum well layer and a GaAe guide 
layer, and layers made of AlGaAs materials other than the 
GalnNAs quantum well layer- The beam diameter in the 
5 vertical direction of the semiconductor laser 201 was also 
about 1 \im in Example 4. A two- layer quantum well 
structure was adopted for the active layer, and the 
oscillation wavelength was set to 1,3 ^im. 



Thereafter, the semiconductor layers were 
vertically etched by RIBE sufficiently deep that the 
etching reached the substrate 100 ( S402 ) . In the etching, 
a silicon oxide film was used as a mask. A silicon oxide 
film 6000 was then formed on the side of the etched region 
as shown in Figure 4A {S403). ^ 

The formation was carried out by bias spattering 
in which spattering was performed over the GaAs 
substrate 100 In the presence of applied bias voltage. 
20 In this case, substantially no silicon oxide was formed 
on a base 401 of the etched region. The silicon oxide 
film 6000 was formed on the side 402 of the etched region 
and was not formed on the base 401 of the etched region. 
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Here the thickness o£ the silicon oxide film 6000 
was 20 nm. Such a thin film 6000 did not cause light to 
be reflected. 

5 Subsequently, a light waveguide 300 oomposed of 

a plurality of semiconductor layers was grown by the 
above-described MOCVD. The plurality of semiconductor 
layers were prevented from growing on the DFB laser 201 
by selective growth using a silicon oxide film as a mask, 

10 In the laser device 40^ since the silicon oxide film 6000, 
which is a dielectric layer, was formed on the side 402 
of the etched region, the growth in a direction 
perpendicular to the side 402 was suppressed, whereby 
substantially no growth toward a direction tilted from 

15 a horizontal direction occurs during thb growth of the 
light waveguide 300 . The semiconductor layers were grown 
while keeping the entire growth surface thereof parallel 
to the substrate 100. 

20 Here, the thickness of a light waveguide layer 301 

was set to 2 \im. In the laser device 40 of Example 4, the 
center of the output light distribution of the DFB 
laser 201 can be registered with the center of the inherent 
mode of the horizontally formed light waveguide 300 with 
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0.1 M-in accuracy. 

For the laser device 40, the coupling loas of light 
from the DFB laser 201 to the light waveguide 300 was 
5 evaluated. As a result, the coupling loss was found to 
be about 1.8 dB. This confirmed that only a loss caused 
by mode mismatch contributed to the coupling loss. 
Figure 43 is a diagram illustrating the laser device 40 
halfway through a fabrication process thereof. The 
10 diagram does not show an actual end facet for outputting 

■J — 

5 light . 

^ (Example 5) 

Figures 5A and 5B show a semiconductor laser 
iU 15 device with a spot-size converter 50 according to 

=y Example 5 of the present invention. The laser device 50 

was fabricated by combination of techniques used in 
Examples 2 and 4, Hereinafter, the structure of the laser 
device 50 will be described along with a fabrication 
20 method thereof. 



Firstly, semiconductor layers were grown on an InP 
substrate lOOO by MBE to produce an InGaAsP DFB laser 2001. 
For the laser device 50, a gain coupling-type 
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semiconductor laser having an absorptive diffraction 
grating was used as the DFB laser 2001. The beam diameter 
in the vertical direction of the DFB laser 2001 was about 
1 urn, A five-layer quantum well structure was adopted for 
5 the active layer, and the oscillation wavelength was set 
to 1,55 ^m. 

Subsequently, the semiconductor layers were 
etched by RISE sufficiently deep that the etching reached 
10 the InP substrate 1000. A light waveguide 3000 composed 
of a plurality of semiconductor layers was then grown by 
MOCVD. In this case, the plurality of semiconductor 
layers were prevented from growing on the DFB laser 2001 
by selective growth using a silicon oxide film aa a mask. 

Eventually, the plurality of semiconductor layers 
were buried in the wafer so that the top surface of the 
wafer became flat. However, observation of the oross- 
seotional shape revealed that there, was a layer structure 
20 tilted from a horizontal direction as in the conventional 
device. The thickness of a light waveguide layer 3001 was 
1.5 jxm. 



In the laser device 50 of Example 5, the center 
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of the output light distribution of the DFB laser 2001 
could be registered with the center of the Inherent mode 
of the horizontal portion of the light waveguide 3000 with 
0. 1 Jim accuracy. The wafer was vertically etched over the 
range of 4,17 \im width including the junction region 
between the DFB laser 2001 and the light waveguide 3000. 
The etching penetrated through the light waveguide 3000, 
the depth of which was 6,0 pirn. 

A silicon oxide film 6000 was formed on the sides 
of the etched region. The formation was carried out by 
bias spattering ae in Example 4. In this case, 
substantially no silicon oxide was formed on a base 501 
of the etched region. The silicon oxide film 6000 was 
formed only on the sides 502 of the etched region. Here 
a thickness of the silicon oxide film 6000 was 20 nm. As 
shown in Figure SB, a GRIN region 5000 having a structure 
in which a refractive index varies continuously was grown 
in the etched region. The refractive index was varied by 
adjusting molar fractions of In and As, 

The central position of the GRIN region 5000 was 
registered with the center of the output light 
distribution of the DFB laser 2001 and the center of the 
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inherent mode of the light waveguide 3000. This 
registration control was easily realized by computer- 
controlling the flow rate of the mass flow controller of 
the MOCVD apparatus, as was in Example 4. 

5 

In the laser device 50, since the dielectric layer 
(the silicon oxide film 6000) was formed on the sides 502 
of the etched region, the growth in a direction, 
perpendicular to the sides 502 was suppressed, whereby 
10 substantially no growth in a direction tilted from the 
horizontal direction occurred during the growth of the 
GRIN region 5000. The semiconductor layers were grown 
while Keeping the entire growth surface thereof parallel 
to the InP substrate 1000. 

15 

A coupling loss of light from the DFB laser 2001 
to the light waveguide 3000 was evaluated for the laser 
device 50. As a result, the coupling loss was about 0 . 2 dB, 
which confirmed a large loss reduction. This was because 
20 there was substantially no semiconductor layer tilted from 
the horizontal direction and substantially no mode 
mismatch. In Example 5, the dielectric layer was formed 
on both the sides of the DFB laser 2001 and the light 
waveguide 3000. although the dielectric film was not 
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required to bo formed on both the sides. The dielectric 
film on either of the sides has a corresponding effect. 
The dielectric film on both the sides has double the 
effect . 

(Example 6) 

Figured 6A and 6B show a semiconductor laser 
device with a spot-size converter 60 according to 
Example 6 of the present invention. Figure 6C is a 
flowchart of a fabrication method of the laser device 60. 
The laser device 60 is characterized by a fabrication 
process and the structure thereof. Hereinafter, the 
structure of the laser device .60 will be described along 
with a fabrication process thereof. In Example 6, the 
present invention is applied to a semidonductor laser 
device with a spot-size converter including a gain 
coupling- type distributed-f eedback semiconductor laser 
having an absorptive diffraction grating. 

Firstly, semiconductor layers were grown on a GaAs 
substrate 100 by MOCVD to produce a DFB laser 201 (S601). 
Specifically, the DFB laser 201 included an active layer 
composed of a GalnNAs quantum well layer and a GaAs guide 
layer, and layers made of AiGaAs materials other than the 
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GalnNAs quantum well layer. The beam diameter In the 
vertical direction of the DFB laser 201 was about 1 fim. 
A two-layer quantum well structure was adopted for the 
active layer, and the oscillation wavelength was set to 
5 1 . 3 Jim . 

Thereafter, the semiconductor layers were 
vertically etched by RISE sufficiently deep that the 
etching reached the substrate 100 (S602) . In the etching, 

10 a silicon oxide film was used as a mask. A silicon oxide 
film 6000 was then formed on a side 602 of the etched region 
as shown in Figure 6A (S603). The formation was carried 
out by bias spattering in which spattering was performed 
over the GaAs substrate 100 in the presence of applied 

15 bias voltage, ' 

In this case, substantially no silicon oxide was 
formed on a base 601 of the etched region. The silicon 
oxide film 6000 was formed on the side 602 of the etched 
20 region. Here the thickness of the silicon oxide film 6000 
was 20 nm. Such a thin film 6000 did not cause light to 
be reflected. At the time, the silicon oxide film 6000 
was formed on the side 602 of the etched region and was 
not formed on the base 601 of the etched region. 
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As shown in Figure 6B, a semiconductor layer 300 
including a GRIN region 5000 having a structure in which 
a refractive index varies continuously was grown In the 
5 etched region (S604) . The refractive index was varied by 
adjusting molar fractions of In and As. The central 
position of the GRIN region 5000 was registered with the 
center of the output light distribution of the DFB 
□ laser 201 . This registration control was easily realized 

10 by computer-controlling the flow rate of a mass flow 

^ controller of the MOCVD apparatus, 

ill 

In the laser device 60, since the dielectric layer 
(the silicon oxide film 6000) was formed on the side of 
the etched region , the growth In a direction perpendicular 
to the side of the etched region was suppressed, whereby 
substantially no growth toward a direction tilted from 
a horizontal direction occurred during the growth of the 
GRIN region 5000. The semiconductor layers were grown 
while keeping the entire growth surf ace thereof parallel 
to the InP substrate 100, 

A coupling loss of light from the DFB laser 201 
to the GRIN region 5000 was evaluated for the laser 
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device 60. As a result , the coupling lose was about 0 • 2 dB, 
which confirmed a large loss reduction. This was because 
there were substantially no semiconductor layer tilted 
from a horizontal direction and substantially no mode 
5 mismatch. 

In Example S, the number of the crystal growth 
processes can be reduced by one process as compared with 
Example 5, thereby reducing cost . However, in Example 6, 
10 the beam diameter of emitted light varies depending on 
at which site the element is cleaved. Therefore, the 
cleavage should be carefully done. 

According to the semiconductor laser device with 
a spot -size converter of the present * invention, the 
structure in which the semiconductor layer having 
substantially uniform refractive index is buried in the 
junction region between the semiconductor laser and the 
light waveguide. Further, the semiconductor laser device 
with a spot-size converter does not have a layer structure 
tilted from the horizontal direction in the junction 
portion between the semiconductor laser and the light 
waveguide . Accordingly , wave - guided light 

substantially is not reflected or refracted at these 
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interfaces, thereby reducing a radiation loss. 

As a result, the semiconductor laser device with 
a spot- size converter of the present invention can have 
a small coupling loss, a low level of power consumption, 
and high reliability. 

By providing the structure in which the 
semiconductor layer having a refractive index varying 
substantially continuously in the layer direction is 
buried in the junction region between the semiconductor 
laser and the light waveguide, the mode profile of light 
transmitted in the waveguide is continuously varied due 
to the lens effect of the semiconductor layer in isuch a 
way that the light is coupled with the waveguide when the 
beam diameter of the light becomes equal to the beam 
diameter of the inherent mode of the light waveguide. 
Therefore, the coupling loss caused by mode mismatch can 
be more effectively reduced. 

By providing a combination of the above-described 
two configurations, both the effects are synergist ically 
available and the semiconductor laser device with a 
spot- size converter can reduce more effectively the 
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radiation loss. 

When the semiconduotor laser device with a 
spot-size converter does not include a light waveguide, 
5 the above effects can be achieved by a small number of 
growth steps, thereby reducing cost. 

By providing the dielectric layer, the above- 
described effects are synergistically available and the 
semiconductor laser device with a spot-size converter can 
reduce more effectively the radiation loss. 




Various other modifications will be apparent to 
and can be readily made by those skilled in the art without 
15 departing from the scope and spirit of this invention. 
Accordingly, it is not intended that the scope of the 
claims appended hereto be limited to the description as 
set forth herein, but rather that the claims be broadly 
construed. 



